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Dialysate volume measurements required for determining peritoneal
solute transport. Solute transport parameters for the peruoneal mem-
brane have been previously determined using dialysate volumes mea-
sured by the indicator dilution method, Recent work has shown that the
indicator dilution volume (IDV) exceeds true dialysate volume (TV)
because the indicator or index solute is lost from the pentoneal cavity.
A peritoneal transport model that includes significant solute loss from
the peritoneal cavity is here described. Theory suggests that simulta-
neous measurements of both IDV and TV are required to calculate
solute transport parameters for the peritoneal membrane when solutes
are lost from the peritoneal cavity. The magnitude of systematic errors
incurred by the use of either IDV or TV alone was determined in the
calculated diffusive permeability-area product (PA) for creatinine dur-
iiig a two hour exchange in a rabbit model of peritoneal dialysis. IIDV
was measured using dextran (2 x 106 daltons) and TV by the dilution of
multiple injections of Evans blue-albumin complex. Best estimates of
PA using either or both volume measurements were determined in the
blood to dialysate direction with isotonic (N = 9) and hypertonic (N =
7) solutions and in the dialysate to blood direction with isotonic (N = 4)
and hypotonic (N = 4) solutions. Systematic errors in PA using either
IDV alone or TV alone were small with either isotonic or hypertonic
solutions but were increased with hypotonic solutions. Moreover,
systematic errors were larger when using TV alone than WV alone.
When solute transport parameters for the peritoneal membrane are
approximately determined employing only a single volume measure-
ment, the use of IDV leads to less systematic error than TV.
An accurate determination of solute transport rates across
the peritoneal membrane during peritoneal dialysis is important
both for clinical quantification of therapy as well as for obtain-
ing a better understanding of the physiological mechanisms
governing peritoneal transport. One of the parameters that is
required when determining peritoneal solute transport rates is
the volume of peritoneal dialysis solution. Recent work has
shown that the method most commonly employed for determin-
ing dialysate volume, indicator dilution using a large molecular
weight index solute, is in error [1—41 because the indicator or
index solute is lost from the peritoneal cavity through the
lymphatics and into adjacent tissue spaces at a significant rate
[5—8]. The importance of fluid and solute loss from the perito-
neal cavity in continuous ambulatory peritoneal dialysis pa-
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tients has recently been demonstrated [9]; however, the effect
of systematic errors in dialysate volume measurements, be-
cause of index solute loss from the peritoneal cavity, on
calculated solute transport parameters for the peritoneal mem-
brane has not been previously examined. The present work
defines the dialysate volume measurements required for accu-
rately determining solute transport parameters for the perito-
neal membrane.
Theoretical
Several models describing the kinetics of peritoneal solute
transport have been previously formulated [10—12]; however,
these models neglect the loss of fluid and solute from the
peritoneal cavity that occurs through the lymphatics and into
adjacent tissue spaces [5—8]. In this section a model is described
that includes these additicual transport pathways. Only the
principle results are discussed here; the mathematical details
are more fully described in the Appendix.
Consider a peritoneal dialysis experiment where a test solute
is infused intravenously at a rate that maintains a constant
plasma concentration Cb. For clarity, we discuss primarily
solute transport in the blood to dialysate direction. When solute
transport is in the dialysate to blood direction, the equations
developed here are still valid and similar conclusions apply. We
assume that tne volume of dialysis solution in the peritoneal
cavity is measured both in absolute terms and by the conven-
tional indicator dilution method using a large molecular weight
index solute [4]. At specified times during the exchange, the
dialysis solution is sampled to determine the test solute con-
centration, the indicator dilution volume, and true dialysate
volume.
The pathways for fluid and solute transport that occur from
the peritoneal cavity are shown schematically in Figure 1. Fluid
transport into or out of the peritoneal cavity can occur by two
different routes. First, fluid transport can occur at a rate q from
blood to dialysate across the peritoneal membrane primarily
because of a difference in osmolality [13, 14]. Alternatively,
fluid can leave the peritoneal cavity either through the lymphat-
ics [8] or into adjacent tissue spaces [5—7]. We combine these
latter two processes into a single term q because they are
described by the same mathematics and are therefore difficult to
distinguish experimentally. In the absence of convective solute
transport [14], the test solute transport rate from blood to
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Fig. 1. A sche,natic representation of the
pathways for fluid and solute transport during
peritoneal dialysis. The true volume of
dialysis solution V, the test solute
concentration in the dialysis solution Cd, and
index solute concentration C1 change with
dwell time because of fluid and solute
transport both across the peritoneal
membrane as well as by an alternative
pathway through the lymphatics and into
adjacent tissue spaces.
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dialysate across the peritoneal membrane Q is simply propor-
tional to the concentration difference:
where Cd and V are determined at the beginning t1 and end t2 of
the time interval. This equation illustrates that even if the test
—
solute concentration and the true dialysate volume are deter-Q  PA (Cb — Cd) U) mined, it is still necessary to evaluate both fluid transport rates
where Cd is the test solute concentration in the dialysate. The q and qe individually in order to uniquely determine the solute
proportionality constant is the permeability-area product for the transport parameter PA. We have previously shown [4] that the
peritoneal membrane PA [121 or equivalently the peritoneal separate fluid transport rates can be uniquely evaluated when
mass transfer-area coefficient [10, 11]. Transpo'l of the index both the true and indicator dilution volume measurements are
solute by this pathway is assumed to be negligible, simultaneously made by using the following equations:
The test solute transport rate by the alternative pathway QaS V(12) — V(t1) ln[Vrn(t,)/VjD(tJ)]
assumed to be the following: q = — - (4)
t2 — t1 ln[V(t2)IV(t1)]
Qa = qaCd (2) V(t2) — V(t1)
As described previously [2—4], an identical expression is also = q —
—
assumed for the loss of the index solute by this pathway. Thus, 2 I
all solutes are assumed to leave the peritoneal cavity through Thus, the present model demonstrates that both q, and q need
this alternative pathway with a sieving coefficient equal to one, to be evaluated in order to accurately determine solute trans-
it should be noted that equation (2) has not been experimentally port parameters for the peritoneal membrane. Moreover, one
verified and therefore may not be correct. We feel, however, method for evaluating these separate fluid transport rates is to
that it is reasonable to assume that a transport pathway that simultaneously determine the true dialysate volume and the
does not provide hindrance to the convective transport of a indicator dilution volume.
large molecular weight index solute would also not provide In most previous studies, solute transport parameters for the
hindrance to the convective transport of a smaller test solute. peritoneal membrane have been determined by neglecting fluid
Fluid and mass balance considerations then lead to equations and solute loss front the peritoneal cavity through the lymphat-
describing the true dialysate volume V, the indicator dilution ics and into adjacent tissues. In such cases, equation (3) (or an
volume MID, and the dialysate concentratiOn of the test solute as equivalent expression depending on the model assumptions)
a function of dwell time (Appendix). In the following discussion, was used with q set equal to zero. There is ambiguity in such
pertinent eauatioñs are taken from the Appendix that are equations, however, since the computed solute transport pa-
relevant to the determination of solute transport parameters for rameters depend on whether V or V10 is used as the measure of
the peritoneal membrane using this model. dialysate volume. Thus, previously determined solute transport
The equation describing the change in the test solute concen- parameters for the peritonal membrane cointain systematic
tration during an arbitrary time interval t2 — t1 is given by: errors, the magnitudes of which depend on whether the true
r dialysate volume or the indicator dilution volume was used. For
C (t) = C — PACb 'Au - I+PA example, we quantitatively describe in the Appendix the mag-ci 2
L
d 1 PA + q] iii ci- qa + nitude of this systematic error in the case of solute transport in
PAC the blood to dialysate direction when there is negligible ultra-b
(3) filtration across the peritoneal membrane (that is, q = 0). WePA + u show there that the magnitude of the systematic error in this
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Cb — CdexPHI3]Q=q(l-u) l-exp[-fl] ]
Cd(t2)
Ecd(tl)
(1 — cr)Ci, 1
<=
1— aexp[—/3]j
(1 —[V(t2)/V(t1)]
—
qg — q +
1 — utxp[—/3]
case depends only on the parameter qa(t2 — t1)IV(t1), the
fraction of the dialysate volume that is lost from the peritoneal
cavity through the lymphatics and into adjacent tissue spaces.
When the value of this parameter is small, use of either volume
measurement alone wifi produce only small systematic errors in
the determined PA value. When this parameter is large, how-
ever, use of the true dialysate volume will lead to an underes-
timate of PA and use of the indicator dilution volume will lead
to an overestimate of PA.
In the present study, solute transport parameters for the
peritoneal membrane were determined by equations (3) through
(5) using both volume measurements, and compared with those
determined by equation (3) neglecting fluid and solute loss from
the peritoneal cavity (that is, assuming qa =Qa = 0) using either
the true dialysate volume alone or the indicator dilution volume
alone.
Methods
Experimental
The experiments used to test the above model were those
described previously using male New Zealand White rabbits
[4]. After placement of arterial, venous and peritoneal cathe-
ters, a one-hour washout exchange of the peritoneal cavity was
performed using Normosol R (Abbott Laboratories, North
Chicago, Illinois, USA). Normosol R solutions have a pH of
approximately 6.8, and one liter of this solution contains: Nat
140 mEq; K, S mEq; Mg21, 3 mEq; Cr, 98 mEq; acetate, 27
mEq; gluconate, 23 mEq. All exchanges were scaled to body
weight (40 mI/kg), and each experimental dialysis solution
contained 0.1 to 0.3 mg/mI of dextran T2000 (2 x 106 daltons,
Sigma Chemical Co., St. Louis, Missouri, USA) for determin-
ing dialysate volume by the conventional indicator dilution
method [4].
In these experiments creatinine transport across the perito-
neal membrane was studied both in the blood to dialysate and in
the dialysate to blood direction. Creatinine transport in the
blood to dialysate direction was studied in nine rabbits. A bolus
intravenous injection of creatinine (Sigma) was given at the
midpoint of the washout exchange followed by a continuous
infusion of a creatinine-containing, 0.9% NaCI solution to
maintain a constant plasma concentration of approximately 10
mg/dl. After gravity drainage of the washout solution, a two-
hour isotonic exchange (Normosol R plus 0.5% glucose) was
then performed. In seven of these rabbits, a two-hour
hypertonic exchange (Normosol R plus 7% glucose) was also
performed after gravity drainage of the isotonic dialysis solu-
tion.
Transport in the dialysate to blood direction was studied in
four rabbits. In these experiments creatinine was added to the
dialysis solution under evaluation at a concentration of approx-
imately 15 mg/dl before infusion into the peritoneal cavity. No
intravenous infusions of creatinine were performed during these
latter studies. After gravity drainage of the washout solution, a
two-hour isotonic exchange was performed. In all four rabbits,
a two-hour hypotonic exchange (distilled H20) was then
performed after gravity drainage of the isotonic dialysis solu-
tion.
The sampling protocol during each experimental exchange
was identical. Blood and dialysate were sampled at 0, 15, 30, 45,
60, 90 and 120 minutes after the dialysis solution was com-
pletely injected. At 0, 15, 45, 90 and 120 minutes a volume
(equal to that sampled) of the dialysis solution under evaluation
containing Evans blue dye (0.25 mg/ml, Fisher Scientific Co.,
Tustin, California, USA) and bovine albumin (5 mg/ml, Sigma)
was rapidly injected into the peritoneal cavity for determining
true dialysate volume [4]. In these proportions Evans blue is
completely bound to albumin and is referred to as Evans
blue-albumin complex. As described previously [4], another
sample of the dialysis solution was then taken after a two-
minute dwell time for determining the dilution of newly injected
dye. Note that true dialysate volume was not determined at 30
and 60 minutes. All samples of peritoneal dialysis solution were
quantitatively replaced by an equal volume of the dialysis
solution under evaluation.
Creatinine concentrations were measured by using a Beck-
man-2 Creatinine Analyzer (Beckman Instruments, Fullerton,
California, USA). It was necessary to correct dialysate creati-
nine concentrations during the hypertonic exchange for high
glucose concentrations. The concentrations of Evans blue-
albumin complex and dextran T2000 were measured as previ-
ously described [4].
Calculations and statistics
The solute transport parameter PA was determined from the
experimental data by minimizing the difference between the
creatinine concentration in the dialysis solution and that pre-
dicted from the appropriate model equation using nonlinear
regression as previously described [12]. Values of PA were
determined by equations (3) through (5) using both volume
measurements to separately evaluate both q and qc Using the
same experimental data, approximate values of PA were calcu-
lated by equation (3) assuming qa = 0 using either the true
dialysate volume alone or the indicator dilution volume alone.
A modified form of equation (3) that includes convective
solute transport was also used to examine the experiments with
the hypertonic dialysis solution. If, instead of equation (1), it is
assumed that both convective and diffusive solute transport
occur simultaneously in the blood to dialysate direction, then
the transport rate across the peritoneal membrane can be
described by [12]:
(6)
where /3 is defined as:
/3 = q(l — a)/PA (7)
and a is the solute reflection coefficient. When equation (6) is
used instead of equation (1), equation (3) becomes
(8)
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Table 1. Mean dialysate volume values
Time Isotonic Hypertonic Hypotonic
mm Method exchange exchange exchange
0 TV
IDV
109
107
118
105
88
120
15 TV
IDV
114
110
150
131
75
117
30 IDV 117 164 114
45 TV
IDV
105
121
145
175
49
106
60 IDV 120 194 101
90 TV
IDV
97
122
164
207
30
95
120 TV
IDV
96
120
164
208
—
88
=
1 — oexp[—f3]
1 — exp[—f3]
Since the purpose in this study was to evaluate systematic
errors incurred by neglecting fluid and solute loss from the
pentoneal cavity, solute transport parameters for the peritoneal
membrane were estimated from the average concentration and
volume measurements. Using such an approach, all random
errors are neglected. All experimental values are reported as
the mean the standard error of the mean (sEM), and the
calculated solute transport parameters are reported as the mean
the standard error of the parameter estimate (SE).
Results
Mean values of the true dialysate volume (TV) and the
indicator dilution volume (IDV) are shown in Table 1 at the
different sampling times during the isotonic, hypertonic and
hypotonic exchanges. The results from the isotonic exchange
for experiments in either transport direction were averaged
together since they were not significantly different. These data
have been described in more detail elsewhere [41.
Figure 2 shows the concentrations of creatinine in plasma and
in the dialysis solution plotted versus dwell time during the
isotonic and hypertonic exchanges when creatinine transport
was in the blood to dialysate direction. During either exchange,
the concentration in the dialysis solution increases continuously
with time as previously reported by others and ourselves
[10—12]. The plasma creatinine concentration decreased slightly
near the end of exchange with both the isotonic and hypertonic
dialysis solutions.
Figure 3 shows the concentrations of creatinine in plasma and
in the dialysis solution plotted versus dwell time during creati-
nine transport in the dialysate to blood direction. In this case
the concentrations are plotted relative to the initial dialysis
solution concentration Cd(O). The relative dialysate concentra-
tions decrease monotonically with time, and at 120 minutes the
concentrations are approximately equal to those in plasma. The
relative concentrations during the hypotonic exchange are not
different from those during the isotonic exchange except at 15
minutes (P < 0.05).
Table 2 shows PA values determined by equations (3) through
(5) using both volume measurements compared with approxi-
mate PA values determined by equation (3), assuming qa = 0
using either the true dialysate volume alone or the indicator
dilution volume alone. For creatinine transport in the blood to
dialysate direction, the approximate PA values determined
using the true dialysate volume are lower and those determined
using the indicator dilution volume are higher than PA values
determined using both volume measurements. These relation-
ships are those predicted theoretically as described above and
in the Appendix. Note also that the PA values calculated during
the isotonic exchange are similar to that previously reported of
1.78 0.28 mI/mm (using the indicator dilution volume alone)
even though the experimental protocol was somewhat different
[12].
For creatinine transport in the dialysate to blood direction,
the approximate PA values determined using the indicator
dilution volume are again higher than PA values determined
using both volume measurements. The approximate PA values
determined using the true dialysate volume alone are higher
still. These results for creatinine transport in the dialysate to
blood direction can be explained as follows. As defined by the
proposed transport model, the value of creatinine PA deter-
mined by equations (3) through (5) using both volume measure-
ments only reflects solute transport across the peritoneal mem-
brane. When calculating the approximate PA value using the
true dialysate volume alone, however, one estimates the total
solute transport rate out of the peritoneal cavity. The total
solute transport rate is therefore the sum of that across the
peritoneal membrane and that through the lymphatics and into
adjacent tissue spaces. The approximate PA value that is
Mean dialysate volumes (ml) were determined by either a short-dwell
indicator dilution method (TV) or the conventional indicator dilution
method (IDV) [4]. Results are shown for isotonic, hypertonic and
hypotonic dialysis solutions. Note that TV was not determined at 30
and 60 mm.
where is defined by
12
10
8
04
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Fig. 2. Creatinine concentrations C(t) in plasma and in the dialysis
solution during solute transport in the blood to dialysate direction with
isotonic and hypertonic solutions. Mean values are shown, and the bars
(9 denote 1 SEM. Symbols are: (• •) isotonic; (0 0) hypertonic; (—)
dialysate; (— — —) plasma.
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Fig. 3. Creatinine concentrations C(t) in plasma and in the dialysis
solution relative to the initial value in the dialysis solution CjO) during
solute transport in the dialysate to blood direction. Results are shown
using both isotonic (• U) and hypotonic (0 0) dialysis solutions; (— — —)
plasma, (—) dialysate. Mean values are shown, and the bars denote
1 sai. The asterisk denotes a significant difference in the relative
dialysate concentrations between isotonic and hypotonic solutions.
calculated using the indicator dilution volume alone is interme-
diate between these two extremes.
Table 3 shows the magnitude of the percent systematic error
when estimating PA values employing only a single volume
measurement. The percent systematic errors are comparable
when using isotonic and hypertonic dialysis solutions and are
independent of the direction of solute transport. During the
experiments with hypotonic dialysis solutions, the percent
systematic errors are much greater. These larger errors are
likely due to the greater fluid loss rate from the peritoneal cavity
under these conditions [4]. This table also compares the percent
systematic error when calculating PA using the indicator dilu-
tion volume alone with that using the true volume alone. The
percent errors are roughly three times greater using the true
dialysate volume alone.
Using any of the methods for determining the creatinine PA
value in the blood to dialysate direction, the values obtained
during the hypertonic exchange arc larger than during the
isotonic exchange suggesting that convection contributes sig-
nificantly to the overall solute transport rate. Table 4 shows
values of PA and 1 — u and the corresponding approximate
estimates that were simultaneously determined by equation (8)
during the hypertonic exchange. The PA values are now lower
and more nearly equal to those determined during the isotonic
exchange. The approximate values of 1 — ausing either the true
Table 2. PA values
Transport Solution
direction tonicity IDV & TV IDV TV
B—.D Isotonic 1.32±0.14 1.40±0.16 1.08±0.18
B —* D Hypertonic 2.74 0,24 2.82 0.22 2.14 0.39
D—+ B Isotonic 1.34 0.26 1.45 0.27 1.70 0.04
D—' B Hypotonic 1.20 0.20 2.20 0.28 4.06 1.30
Values of creatinine PA 5E (mI/mm) estimated by equations (3) to
(5) using both volume measurements (IDV & TV), and apparent PA
values estimated by equation (3) using either IDV alone or TV alone.
Results are shown during creatinine transport in the blood to dialysate
(B —* D) and in the reverse (D —, B) direction.
Table 3. Percent systematic error
Transport
direction
.Solution
tonicity
%E
I%ETV/%EIDVIusing IDV using TV
B —* D Isotonic 6.1 —18.2 3.0
B —* D Hypertonic 2.9 —21.9 7.6
D —, B Isotonic 8.2 26.9 3.3
D—* B Hypotonic 83.3 238.3 2.9
The percent systematic error (%E) calculated as lOO(PAapp — PA)/PA
when employing a single volume measurement.
Table 4.
PA
Method ml/min I — a
IDV & TV 1.91 0.32 0.54 0.18
IDV 2.15 0,50 0.42 0.28
TV 1.68 0.12 0.66 0.10
Simultaneously determined values of PA and 1 — a during the
hypertonic exchange by equation (8) using both IDV and TV, and the
apparent parameter values determined using either IDV alone or TV
alone. Mean values are shown SE.
dialysate volume alone or the indicator dilution volume alone
bracket that determined using both volume measurements.
A similar calculation of the contribution of convection to the
overall solute transport rate is not warranted when creatinine
transport is in the dialysate to blood direction. Since the true
value of PA determined in the dialysate to blood direction
during the hypotonic exchange of 1.20 0.20 ml/min is not
different from that determined during the isotonic exchange of
1.34 0.26 mI/mm, there is no need to invoke additional
creatinine transport by convection. We can only conclude from
these data that the creatinine reflection coefficient for the
peritoneal membrane is not significantly different from unity.
Note that if we had considered the calculated PA values using
only the indicator dilution volume alone or the true dialysate
volume alone, we might have reached a different conclusion.
This example demonstrates, however, that increased solute
transport out of the peritoneal cavity during the hypotonic
exchange results primarily from transport through the lymphat-
ics and into adjacent tissue spaces and not from that across the
peritoneal membrane.
Discussien
Solute transport parameters for the peritoneal membrane
have been previously determined by mathematical models that
neglect fluid and solute loss from the peritoneal cavity [10—12].
0 50 100
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When using such models, it is necessary to determine both
solute concentration and dialysate volume as a function of time.
The indicator dilution method is the most common for evaluat-
ing the volume of peritoneal dialysis solution primarily because
it is easy to employ. Recent studies have demonstrated, how-
ever, that this method is not accurate for evaluating the true
volume of dialysis solution [1—4]. The effect of using the
conventional indicator dilution method for determining dialy-
sate volume when calculating solute transport parameters for
the peritoneal membrane has not been previously examined.
The present work demonstrates that systematic errors are
incurred in the calculated peritoneal solute transport parame-
ters when only a single volume measurement is employed. The
magnitude of this systematic error depends, however, on the
validity of the proposed solute transport model. Recent work
has clearly demonstrated that the indicator dilution method for
evaluating dialysate volume is in error because the index solute
leaves the peritoneal cavity at a significant rate [1—9]. At
present, it is not clear whether fluid and solute are lost from the
peritoneal cavity predominantly into adjacent tissue spaces
[5—7] or through the lymphatics [8,9]. Nevertheless, there is
agreement that index solute loss proceeds by primarily a
convective mechanism, that is, index solute loss from the
peritoneal cavity occurs without a change in the dialysis solu-
tion concentration. We feel that it is reasonable, therefore, to
assume in our solute transport model that a small molecular
weight test solute will also leave the peritoneal cavity through
this pathway by a similar mechanism. It is then possible to
account for this additional convective solute transport pathway
when determining solute transport parameters for the peritoneal
membrane simply by determining the rate of fluid loss from the
peritoneal cavity. Indeed, we have shown here that it is
necessary to evaluate two different fluid transport rates to
accurately determine peritoneal solute transport parameters,
that is, both that across the peritoneal membrane q and that
through the lymphatics and into adjacent tissues q. As de-
scribed elsewhere [4], one method for estimating both q and q
is to simultaneously measure both the true dialysate volume and
that by the indicator dilution method.
When solute transport parameters for the peritoneal mem-
brane are determined taking these considerations into account,
they are not equal to approximate values determined when
solute loss from the peritoneal cavity is neglected. Moreover,
the approximate solute transport parameters depend on the
method for evaluating the volume of peritoneal dialysis solu-
tion. During isotonic or hypertonic exchanges, independent of
the direction of solute transport, the approximate PA values
were quite similar to the true values. During the hypotonic
exchange, where the fluid loss rate from the peritoneal cavity
was increased, however, the systematic errors incurred were
more pronounced.
In general, approximate PA values determined using the
indicator dilution volume alone were closer to true PA values
than were those obtained using the true dialysate volume alone.
Most differences were small enough that conclusions reached
by using approximate PA values would not differ from those
reached by using the true values. The reason(s) for better
agreement with approximate PA values using the indicator
dilution volume alone cannot be determined from the present
study, but this was observed under all conditions studied.
Although not demonstrated here, it appears likely that the
volume of pentoneal dialysis solution evaluated by the indicator
dilution method more closely approximates the effective distri-
bution volume of the test solute, a value that should be larger
than the true dialysate volume because of solute loss from the
peritoneal cavity. Therefore, the temptation to correct dialysate
volumes determined by the indicator dilution method for index
solute loss must be resisted when assessing solute transport
rates across the peritoneal membrane. We conclude that previ-
ous work determining solute transport parameters for the
peritoneal membrane that have neglected fluid and solute loss
from the peritoneal cavity but employed the indicator dilution
method for determining dialysate volume have nevertheless
obtained accurate results.
Based upon these studies we make the following recommen-
dations for future studies determining solute transport parame-
ters for the peritoneal membrane. Fluid and solute loss from the
peritoneal cavity can usually be neglected in solute transport
models when determining solute transport parameters for the
pentoneal membrane as long as the conventional indicator
dilution method is employed for determining dialysate volume.
Under conditions where there are high rates of fluid and solute
loss out of the peritoneal cavity, the use of a solute transport
model that includes these additional pathways is required.
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Appendix
Consider an arbitrary time interval during peritoneal dialysis
where the plasma concentration of the test solute Cb is main-
tained at a constant level. At the beginning of the time interval
t1, the dialysis solution has a volume V(t1) and contains a large
molecular weight indicator or index solute (IS) for the purpose
of calculating dialysate volume using the conventional indicator
dilution method [4, 12]. The dialysate concentrations of both
the test and index solutes at this time are assumed known. At
the end of the time interval t2, the true volume of dialysis
solution and the dialysate concentrations of both the test and
the index solute are determined.
The model described below is simplified by several assump-
tions that deserve comment. Throughout this analysis, it is
assumed that the true volume of the dialysis solution is that
determined either by a short-dwell indicator dilution method [4]
or by gravity drainage of the peritoneal cavity with corrections
for residual volume. Moreover, the present discussion deals
primarily with solute transport from blood into the peritoneal
cavity; note, however, that the equations apply equally when
solute transport is in the reverse direction. Furthermore, solute
transport across the peritoneal membrane by convection (or
solute sieving [14]) will be neglected; it can be shown that
including this additional factor only complicates the algebra and
does not change the overall conclusions.
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The transport pathways for fluid and solute transport are
ifiustrated schematically in Figure 1 and are described in more
detail in the main text. Fluid and mass balance considerations
lead to the following equations governing the time dependence
of true dialysate volume V and the dialysate concentrations of
both the test Cd and the index solute C1s as:
dV
= q — q
d(VCd)
= Qe - Qa
d(VC15)
d
=
—qaCis
where q and q, denote the rate of fluid transport from blood to
dialysate across the peritoneal membrane and that out of the
peritoneal cavity via the lymphatics and into adjacent tissue
spaces, respectively. The respective solute transport rates Q
are those defined in equations (1) and (2) of the main text. If it
is assumed that the fluid transport rates (q and q) are constant
within the time interval of interest, equations (1A) through (3A)
can be solved and evaluated at the end points of the time
interval as:
V(t2) = V(t1) + (q — qa)(t2 — t1)
I PAC 1 q+PA
Cd(t2) = I C(t1) — [V(t2)IV(t)] — +
L PA+qcj
C15(t2) Fi1 ____
C15(t1)
—
[Vu21j
The volume of the peritoneal dialysis solution determined by
the conventional indicator dilution method V1 is calculated by
assuming there is no loss of the index solute from the peritoneal
cavity
VID(t2) = V1(t1)C15(t1)IC15(t2)
Consider first a simple case where it is assumed that both q
and q are zero. Equations (4A), (5A) and (7A) can be simplified
considerably. The resulting equations are:
V(t2) = V(t1)
(Cd(t2) — Cb)/(Cd(tl) — Cb) = exp[ — PA(t2 — t1)IV(t1)] (9A)
VJD(t2) = V1(t1)
In this case the volume of dialysis solution and the index solute
concentration are both constant, and the value of PA can be
simply determined by rearrangement of equation (9A) to:
V(t2) ICd(t2) —PA=— lnI
— t1 [C(t) —
There is no difficulty in uniquely determining the value of PA
under these conditions.
If nonzero values of q are now permitted, yet retaining the
constraint of zero ultraffitration across the peritoneal mem-
PACb
PA + q
brane, equation (1OA) still applies but equations (8A) and (9A)
become:
V(t2) = V(t1) — qa(t2 — t1) (l2A)
FV(t )lpMqa(Cd(t2) — Cb)/(Cd(tj) — Cb) = L ()j (13A)
(1A) The value of PA could be determined, in principle, by rear-
rangement of equation (13A) to the following:
(2A) ICd(t2) — Cb1 I F V(t2)1PA=qlnl I /lnI—I (14A)
(3A) [Cd(tl) — Cbj/ [V(ti)j
Here, the concentration of the index solute does not accurately
reflect changes in dialysate volume, and it is only necessary to
know the test solute concentration and the true dialysate
volume at the start and end of the exchange in order to calculate
exact values of PA.
This simplified example, where no ultraffitration occurs
across the peritoneal membrane, can be used to illustrate the
magnitude of systematic errors incurred when neglecting solute
loss from the peritoneal cavity. If solute loss from the peritoneal
cavity is neglected, then equation (1 lA) would be used instead
(4A) of equation (14A). Different approximate values of PA are,
however, possible when using equation (1 lA) depending on the
choice of volumes, that is, either the true dialysate volume
(equation 12A) or the indicator dilution volume (equation bA).
Defining the approximate value of PA determined using equa-
tion (1 1A) instead of equation (14A) as PAapp, it can be shown
(SA) that the following relationship holds when the true dialysate
volume is used to calculate PAapp:
PAapp i—e
(6A) PA
= ln(l—4)sl (iSA)
where e is defined as q(t2 — t1)IV(t1). Ifthe volume determined
by the indicator dilution method is instead employed, the
following relationship can be derived:
PAapp 1
=——ln(l—4)i (16A)
(7A) PA
Thus, the approximate PA value depends on how dialysate
volume is measured. When the true dialysate volume is used,
the approximate value of PA is less than the correct value;
when the indicator dilution volume is used, the approximate
(8A) value of PA is greater than the correct value. Note that
systematic errors incurred using these approximations depend
only on the parameter , the fraction of dialysate volume that is
(bOA) lost from the peritoneal cavity through the lymphatics and into
adjacent tissue spaces during the time interval of interest. In
this example, the approximate values of PA are in error by
about 11% when the value of is 0.2. This analysis shows that
the use of approximate expressions neglecting fluid and solute
(1 Uk) loss from the peritoneal cavity are reasonable as long as the
value of e is small. Note that these predictions are qualitatively
verified when solute transport is in the blood to dialysate
direction (Table 2 of the main text).
In the general case when both q and q are nonzero, the
requirements for determining solute transport parameters for
the peritoneal membrane are more restrictive. Suppose, for
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example, that only the true dialysate volume V and the test
solute concentration in the dialysate Cd at the start and end of
the time interval of interest are determined. With an estimate of
only the true dialysate volume, it is possible only to evaluate the
difference between q and q, not both independently (equation
4A). In previous models [10—12] q has simply been neglected
and any change in dialysate volume was attributed to fluid
transport across the peritoneal membrane. If, however, q is
comparable in magnitude to q, then such an approach is not
sufficient to permit an accurate estimate of PA from the
dependence of the test solute concentration in the dialysis
solution on time. Put more simply, only two experimental
variables are known, V and Cd; but there are three unknown
parameters, q, q, and PA. If only the indicator dilution volume
and the test solute concentration in the dialysate are deter-
mined, then the situation has not improved since again only two
experimental variables are known.
We have previously suggested that one method for evaluating
qç and qa individually is to determine both the true dialysate
volume and the indicator dilution volume [4]. We demonstrated
using equations (4A), (6A) and (7A), that q and q can both be
evaluated by using measurements of true dialysate volume and
the indicator dilution volume by the following relationships [4]:
V(t2) — V(ti) ln[VID(t2)/VID(tI)]qC —
t2 — t1 ln[V(t2)/V(t1)J
V(t2) — V(t1)q = q — ___________
t2 — ti
With these fluid transport rates uniquely defined, the value of
PA can then be calculated by using equation (5A). Therefore,
when fluid and solute transport occur both across the peritoneal
membrane as well as through the lymphatics and into adjacent
tissue spaces, the parameter PA cannot be uniquely determined
without assessing both q and q. Stated in another way, in
order to rigorously evaluate peritoneal solute transport param-
eters, one must determine both the true dialysate volume as
well as the indicator dilution volume.
In practice, however, the approximate evaluation of solute
transport parameters for the peritoneal membrane does not
require both volume estimates. Indeed, in the main text it is
demonstrated that peritoneal solute transport parameters can
be determined quite accurately using equations that neglect
fluid and solute loss from the peritoneal cavity if the indicator
dilution volume is employed. The reason why the use of the
indicator dilution volume produces more accurate estimates of
peritoneal solute transport parameters than when using the true
dialysate volume cannot be determined from the present study;
however, this result can be shown to be consistent with certain
approximate equations. For example, by substituting equations
(6A) and (7A) into equation (5A), the latter equation becomes:
PACb I+PAIC(t2) = I C(t) — I [V(t)/V(t)] 'k +[ PA+q]
This equation is identical to that if Qaand q are neglected in the
mass and fluid balance equations (equations 1A through 3A),
and the indicator dilution volume is substituted for the true
volume [l2J. To evaluate the value of PA from this equation,
however, it is still necessary to independently determine the
value of q. We have recently demonstrated [4] that q, can be
closely approximated by the change in the concentration of the
index solute, ignoring any index solute loss by alternative
routes. Thus, q can be well approximated by:
VID(t2) — VID(tI)q (20A)
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t2 — ti
Noting that equations (l9A) and (20A) do not depend on
estimates of true dialysate volume, these approximate equa-
tions suggest that the peritoneal solute transport parameter PA
can be simply evaluated by using the indicator dilution volume
without any corrections for the loss of the index solute.
PACb (19A)PA + q
